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Abstract: The resource allocation model, Area and Water Allocation Model (AWAM), 
incorporates the concept of deficit irrigation through a variable depth irrigation approach, 
VDI. It uses this to allocate land and water resources optimally to different crops in a 
heterogeneous irrigation scheme with limited water under rotational water supply. This 
model was applied to a medium irrigation scheme in India as a case study, to obtain the 
land and water allocation plans. These optimal allocation plans were compared to those 
obtained by using the model with the existing approach (full irrigation with a fixed 
irrigation interval of 21 days in Rabi and 14 days in summer season). The allocation plans 
were obtained taking account of the different parameters that were included in the model 
such as crops and cropping pattern, soils, irrigation interval, initial reservoir storage 
volumes, efficiencies and the outlet and canal capacities. The total net benefits were 
compared for the two cases of fixed cropping distribution and free cropping distribution 
and a sensitivity analysis was conducted on other parameters. Summaries of the allocation 
plans with the VDI approach are presented for the two cases. The total net benefits 
obtained with the VDI approach introduced in the model were found to be 22% higher than 
those obtained with the existing approach. The results of this study are thus indicative of 
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the benefits of deficit irrigation and its application within irrigation schemes that have 
limited water supply. 
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Introduction 
 
The effective management of water available for irrigation in arid and semi-arid regions 
has increased in importance due to limited water supply. The process of management 
becomes complex when a scheme is heterogeneous in nature. When water is not limited or 
there is no constraint on irrigation water supplies, irrigation planning involves the optimal 
allocation of land to different crops under consideration to maximize the net returns from 
the scheme with irrigation supplies that satisfy maximum crop water requirements. But 
when water is limited, the allocation process is not only limited by area but by available 
water also. When water is limited there is always a possibility of some area being left with 
no irrigation, if irrigation is applied to meet maximum crop water requirements. When the 
crop is irrigated with this full irrigation depth, the last few increments of water applied to 
the crop result only in a small yield increment. If these last few increments of water are 
applied to some additional area, the total yields or net returns obtained from the scheme 
may be more (English and Nuss, 1982 and Trimmer, 1990), though the yield per unit area 
is reduced. Thus in a water limiting condition, the additional problem is to decide upon the 
last few increments for each crop compared with the additional area that can be irrigated 
by those increments so that the total net returns can be maximized. Therefore it is 
necessary to consider a range of depths of irrigation water to be applied to each crop in the 
process of allocation. 
In the past several methodologies have been developed for obtaining the optimal 
allocation plans for three possible situations. These are firstly when water is not scarce or 
limited or the objective is to obtain the maximum yield per unit area irrigated; secondly 
when water is limited but the area allocation to different crops is predecided (mostly based 
on the historical cropping pattern and not optimal); and thirdly when water is limited and 
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an allocation plan for both area and water for different crops is needed. These 
methodologies have been reviewed extensively by Gorantiwar (1995) and Smout and 
Gorantiwar (2003) with an emphasis upon optimum allocation of both area and water to 
different crops to obtain the maximum benefits from the irrigation scheme, when water is 
scarce. 
The need for allocation of both land and water resources optimally in a water 
limiting condition has been recognized previously, and many researches were carried out. 
However these studies either considered a limited range of alternative schedules (Matanga 
and Marino, 1979; Yaron and Dinar, 1982; Bernardo et al., 1988; Mannocchi and 
Mecarelli, 1994; Mainuddin et al., 1996 and Sahoo et al., 2001) or seasonal and 
intraseasonal allocations of water were performed independently (Sunantra and Ramirez, 
1997 and Paul et al., 2000). There is a need to scrutinize the complete range of alternative 
schedules for the crop-soil unit and to allocate land and water resources (intraseasonally) to 
these units together for optimum utilization of land and water resources. 
In addition, in heterogeneous irrigation schemes, which are characterized by 
different types of soils and weather, it is desirable to make the decisions on allocation of 
areas to different crops grown on different soils and in different climatic regions and water 
delivery schedules to those areas, depending on the water availability so as to obtain 
maximum benefits from the irrigation scheme. However, the land and water allocation 
models referred to above are of the single field type and thus do not produce the allocation 
plans that give spatial allocation of the resources. Spatial allocation of the resources is also 
important for the operation of a heterogeneous irrigation scheme not only due to the 
different types of crops, soils and climate in the command area of irrigation scheme but 
also that these may exist at different locations in the scheme, that the capacity of the water 
delivery system may restrict the allocation at different locations, and that water losses in 
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the system may influence the allocation. The methodology developed by Gorantiwar 
(1995) and Smout and Gorantiwar (2004) in the form of Area and Water Allocation Model 
(AWAM) attempts to produce land and water allocation plans which are spatially 
distributed by considering the entire range of deficits while producing the irrigation 
programs to be used in the allocation process.  
In this paper the results of the AWAM model applied to a case study on an 
irrigation scheme in India are discussed in the context of different soils, irrigation interval, 
cropping pattern and water availability. The results are obtained for the maximum 
productivity of the irrigation scheme. The model has embodied within it the allocation 
strategy based on deficit irrigation. The results are also compared with the existing 
allocation strategy. 
 
Irrigation Scheme 
 
The “Nazare Medium Irrigation Scheme” in Maharashtra State of India was selected for 
the purpose of case study. The Nazare Medium Irrigation (NMI) scheme lies in a semi-arid 
region of the State and is representative of other schemes in the region as it lies in a water 
scarce area and the climate, soils, water distribution system and cropping patterns are 
similar to the other irrigation schemes in the region. The irrigation scheme is situated on 
Karha River in Purandar taluka of Pune district. The latitude and longitude are 19o 17’ 30” 
(N) and 74o 12’ 50” (E), respectively.  
 
Irrigation season: The irrigation season starts from the 15th October and ends on 14th 
October of next year. There are three distinct crop seasons within the irrigation season. 
These are Rabi, Summer and Kharif. The weekly average values of the different 
6 
climatological parameters (pan evaporation and rainfall) over the period of record are 
presented in Fig. 1. As little rainfall is received in Rabi season, the crops grown in this 
season are supplied with irrigation water for their growth. In summer season no rainfall is 
received but it is characterized by high evapotranspiration (Fig. 1). Therefore in the past in 
this particular irrigation scheme, irrigations were not given in the summer season to 
minimize the water consumption per unit area. But recent data showed that the irrigations 
are now given to a limited extent in the summer season also. Most of the rainfall is 
received in Kharif (monsoon) season. Therefore crops grown in this season need one or 
two irrigations (protective irrigations) only. The irrigations during Kharif season are of 
little interest in this study as the reservoir fills during the Kharif season. Therefore for this 
scheme in this study, the irrigation season was considered to spread over Rabi and Summer 
crop seasons. The irrigation season thus starts from the beginning of the Rabi season i.e. 
15th October (1st day of irrigation year) and ends at the end of Summer season i.e. 30th 
June. 
 
Reservoir: The catchment area above the dam site is 397.82 Km2 with average annual 
rainfall of 635 mm. The river has no perennial flows and the flows are due to the monsoon 
rains (June to October). The gross reservoir capacity and dead storage capacity of the 
reservoir are 22.313 and 5.684 Mm3, respectively. The uniform seepage losses of 10% of 
half the storage capacity of the reservoir were assumed over the entire irrigation season, as 
the information on seepage losses was not available. The water surface-area-storage 
capacity relationship used for computing the reservoir evaporation losses was obtained 
from the depth-water surface area and depth-storage capacity relationships available for the 
reservoir and the following linear relationship (regression coefficient is 0.97) was 
developed between capacity and water surface area of the reservoir. 
7 
7.58ST121.0SA +=          (1) 
where, ST = reservoir surface area (ha) and SA = reservoir storage (ha-m). 
The reservoir also supplies water for non-irrigation purposes and for irrigating land 
other than that considered in the allocation units. 
 
Water distribution network: One main canal originates from the headworks. The full 
supply discharge and length of the main canal are 1.528 m3/s and 3.05 Km, respectively. 
One distributory canal emerges from the main canal, the length of which is 11.75 Km. The 
carrying capacity of the distributory canal is 1.528 m3/s. Discharge measuring devices are 
provided on the main and distributory canals. Measuring devices are not provided on the 
minors but are being considered. Some of the outlets are provided with screw type gates 
however some are without gates. However, the screw types of gates are being considered 
for all the outlets. No permanent measuring devices are installed at outlet but the 
installation of Cutthroat Flumes is being considered for all the outlets. Main and 
distributory canals are lined and the average conveyance losses based on the actual study 
conducted by the Irrigation Research and Development (IRD), Department of Irrigation, 
Maharashtra State are 9%. The conveyance losses in both these canals were estimated as 
2% per 1000 m for this study based on these observations. 
 
Command area and allocation units: The cultural command area (CCA) of the irrigation 
scheme is 3539 ha. There are 28 direct outlets (4 on main canal and 24 on distributory 
canal) and four minors (all on distributory canal). There are 9 outlets on the minor. The 
details of the outlets on the minors could not be obtained. Therefore CCA of all 28 outlets 
and 4 minors were considered as allocation units (AUs), resulting in 32 AUs.  
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The conveyance efficiency of field channels below the outlet has been reported as 
86% (Stofkoper and Tilak, 1992 and IRD, 1992). Hence the distribution efficiency of each 
AU related to outlet was considered as 86%. The conveyance efficiency of minor was 80% 
(Stofkoper and Tilak, 1992 and IRD, 1992). Therefore the distribution efficiency of those 
AUs that are CCA of minors was considered as 68.8%. The distribution efficiencies were 
assumed the same for all the irrigations for particular allocation units. 
 
Climate: The climatological data was collected from the daily records of the 
Meteorological Observatory of the nearest agricultural university (Mahatma Phule 
Agricultural University, Rahuri). The daily values of maximum and minimum temperature 
(oC), maximum and minimum relative humidity (%), wind velocity (Km/hr), actual 
sunshine hours (hr), pan evaporation (mm) and rainfall (mm) for 18 years (from 1976-77 to 
1993-94) were collected. The same data series was used for the reservoir (for estimating 
the water evaporation) and command area (for estimating the reference crop 
evapotranspiration and bare soil evaporation). The climate over the entire command area 
was assumed as uniform. Thus there was only one 'Region'. The modified Penman method 
(Doorenbos and Pruitt, 1984) was used for computing reference crop evapotranspiration 
and Penman method (Penman, 1948) for computing water surface evaporation and bare 
soil evaporation. The reflection coefficients considered were 0.25, 0.10 and 0.05 for 
reference crop, bare soil and water surface, respectively. 
 
Soils and crops: It is necessary to consider different types of soils in the process of 
allocation as soil type influences the area and water allocation to different crops 
(Gorantiwar and Smout, 1995). The details of different soils in the irrigation scheme are 
presented in Table 1. In the present study as two crop seasons formed the irrigation season, 
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gram, sorghum, onion, wheat (Rabi crops), groundnut and sunflower (summer crops) were 
considered in the analysis.  
The linear root growth model (Borg and Grimes, 1986 and Gorantiwar, 1995) given 
by equation (2) was used for all crops and other details of the model parameters are given 
in Table 2.  
)tm/t()ZoZm(ZoZt −+=         (2) 
where, Zt = depth of root zone on tth day (mm), Zm = maximum depth of root zone during 
crop growth period (mm), Zo = initial depth of root zone (depth of sowing, mm) and tm = 
the day at which crop attains Zm since sowing. 
It was assumed that the root water uptake follows the parabolic pattern for all the 
crops (Gorantiwar, 1995). The crop coefficients as a function of the ratio of days since 
planting to the crop period of gram, sorghum, wheat and groundnut were included through 
the relationships presented by Suryawanshi et al. 1990 and Gorantiwar, 1995. The crop 
growth stagewise values of crop coefficient documented by Doorenbos and Pruitt (1984) 
were adopted for onion and sunflower. 
The additive type of crop growth model based on ET (Stewart and Hagan 1973) 
was adopted to estimate crop yields for all the crops. The values of stagewise yield 
response factor for all the crops were adopted from Doorenbos and Kassam (1986). The 
maximum crop yield is presented in Table 2. The irrigation strategies producing crop yield 
less than a certain prescribed limit (minimum crop yield) were not considered in the 
analysis. This limit was set at 10% of maximum crop yield.  
The presowing irrigation was assumed for wheat, sunflower and groundnut on all 
soils, just before planting. The depth of presowing irrigation was computed in the model 
(to bring the soil moisture in the soil root zone to field capacity). Based on local 
experience, the initial soil moisture contents (the soil moisture content at the start of 
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irrigation just before planting/presowing irrigation) for gram, sorghum, onion and wheat 
were assumed at half the water holding capacity above wilting point, for sunflower at 
quarter the water holding capacity above wilting point and for groundnut at wilting point, 
for all soils. 
A field application efficiency of 75% was assumed for all the crops on all soils and 
for all irrigations (including presowing irrigation). The value of runoff coefficient for 
computing effective rainfall was assumed as 0.70. The maximum and minimum possible 
values of irrigation depth were assumed as 150 and 50 mm, respectively for all crops 
grown on all soils, though a scheduled irrigation could be missed, giving an application of 
0 mm. 
 
Water distribution to the farmers: In this irrigation scheme, like other irrigation schemes 
in the region, the distribution of water to different farm areas follows a rotational water 
supply system known as "rigid Shejpali". The Shejpali system of water distribution is 
“demand based” wherein irrigation authorities in the irrigation scheme aim to supply the 
demand of farmers adequately at specified intervals. Thus Shejpali is applying full depth of 
irrigation water to various crops grown on different farms at specified fixed interval. When 
within each outlet, the sequence of irrigation for each farmer along with the date, time and 
duration of irrigation for each farmer is fixed, it is rigid Shejpali. The frequency of 
irrigation (which is fixed over a particular crop season) may vary from 14 to 21 days in the 
Rabi crop season. An irrigation interval of 21 days is proposed for all crops, for this 
irrigation scheme (Stofkoper and Tilak, 1992). This was computed by considering the soil 
types and maximum crop water requirement. Irrigation intervals are not specified for 
Summer and Kharif seasons as irrigation is not common in the summer season and 
protective irrigation is followed in the Kharif season.  
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Application of AWAM Model 
 
In this section, the different parameters considered for obtaining the optimum land and 
water allocation to different crops are described. 
 
Allocation strategies: The irrigation programs generated with the proposed methodology 
consist of the application of water in variable depths at different irrigations over the crop 
season and skip application (or zero irrigation depth). This is termed as “Variable Depth 
Irrigation” (VDI) in this study. The approach similar to the existing approach consists of 
applying full depth of water at a fixed interval of 21 days in Rabi season and 14 days in 
Summer season and is termed as “Existing Full Depth Irrigation” (existing-FLDI). The 
land and water allocation plans were obtained for both these approaches with the help of 
AWAM model (Gorantiwar, 1995 and Smout and Gorantiwar, 2003) and compared for two 
different cropping distributions (described below). The land and water allocation plans for 
VDI were also obtained by varying other parameters, which influence the allocation. The 
parameters considered were initial reservoir storage volume, irrigation interval, 
application, distribution and conveyance efficiencies and outlet and canal capacities.  
The AWAM model (Gorantiwar, 1995 and Smout and Gorantiwar, 2003) was run 
in optimization mode for obtaining the allocation plans for VDI and existing-FLDI 
approaches. The irrigation strategy of applying full depth of irrigation at every irrigation 
was input for the existing-FLDI approach.  
 
Irrigation interval for VDI approach: As described earlier, the model operates on a 
uniform irrigation interval for all regions, crops and soils during each particular stage in 
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the planning period. However these intervals can be varied with stage over the planning 
period or irrigation season. But these are known or decided before developing the 
allocation plan. In fact the allocation plans are obtained for the particular known set of 
irrigation intervals. The water delivery interval, which is different to the irrigation interval 
in case of the VDI approach (due to skipping of irrigation), might be different for different 
regions, soils and crops. However the water delivery interval is equal to the addition of 
irrigation period of all irrigations that were skipped between two consecutive water 
deliveries. The water delivery intervals are the results of optimum allocation. The 
following sets of irrigation interval were chosen for VDI approach for this study. 
1. 14 days for both winter and summer seasons 
2. 21 days for both winter and summer seasons 
3. 28 days for both winter and summer seasons 
4. 35 days for both winter and summer seasons 
5 21 days for winter season and 14 days for summer season (21-14 days) 
6. 28 days for winter season and 21 days for summer season (28-21 days) 
7. 35 days for winter season and 28 days for summer season (35-28 days) 
 
Initial reservoir storage volume: In this study the planning period was considered to be 
comprised of winter and summer seasons and as most of the inflow to the reservoir is 
received in the rainy season, the water available in the reservoir during the planning period 
is fairly predictable. However rainfall variability during rainy months influences the 
reservoir storage volume. Therefore the results were obtained for the various known initial 
reservoir storage volumes in terms of water available in the reservoir at the start of the 
planning period (winter season) in percentages of maximum utilizable capacity of the 
reservoir (the difference between the maximum storage capacity and dead storage 
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capacity). The percentages chosen were from 100 to 10% at an interval of 10%. The water 
required for other purposes was assumed to be the same for all the levels of reservoir 
capacities. 
 
Cropping distributions: The following two options of cropping distributions were 
considered for both VDI and existing-FLDI approaches. These are 
1. Free cropping distribution and   2. Fixed cropping distribution 
1. Free cropping distribution: In this cropping distribution no restrictions are put on the 
allocation of area or water or output to be obtained from the different crops. The model is 
therefore free to select any crops depending on which crops produce maximum total net 
benefits from the irrigation scheme. 
2. Fixed cropping distribution: In the allocation plan of free cropping distribution, only 
those crops which contribute towards obtaining maximum total net benefits appear. Often 
the crops appearing in the solution may be few or some times just one. However obtaining 
maximum total net benefits irrespective of irrigation to any crops may not be the only 
objective. Some restriction on area to be allocated to different crops, depending on several 
requirements in the scheme, might also be an influential factor. The model then selects the 
area under different crops according to these restrictions while obtaining the maximum 
total net benefits from the scheme. Restricting the area under different crops according to a 
particular requirement is referred to as the fixed cropping distribution. The fixed cropping 
distribution was selected to bring all the crops in to the solution so that the influence of 
other parameters and various irrigation depth approaches can be studied with all selected 
crops being irrigated rather than only one or two. The fixed cropping distribution (gram-
25%, sorghum-20%, onion-10% and wheat-15 % in Rabi and Sunflower –10 % and 
groundnut-20% in summer season) was considered. 
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The Allocation Results 
 
The allocation plans were obtained with the help of AWAM model for each combination 
of different parameters explained in the preceding Section. For any given combination (for 
example variable depth irrigation, initial full reservoir storage, fixed cropping distribution, 
existing application (75%), distribution (86.5%) and conveyance efficiencies (98% per 
1000m), the AWAM model was run separately for each set of irrigation interval.  
 As the climate is considered to be uniform over the entire command area of the 
scheme, the combination of six crops and four soils resulted in 24 ‘Crop-Soil-Region 
(CSR)’ units. The first phase of AWAM model generates the irrigation strategies for each 
CSR unit. If one case of CSR unit (crop: wheat and soil: SG2) is considered, 46656 
irrigation strategies were generated for irrigation interval of 21 days in both winter and 
summer seasons; and deficit ratio interval of 0.2. In second phase, AWAM model prepares 
the irrigation programs for each of the irrigation strategies. These irrigation programs 
contain the information on the depth of irrigation for each irrigation, crop yield and net 
benefits. The total number of ‘feasible irrigation programs (FEIP)’ were reduced to 7282 in 
this phase. In the third phase, AWAM model selected 31 ‘optimal irrigation programs 
(OIPs)’ and further selected 10 most ‘efficient optimal irrigation programs (OEIPs)’ as 
‘selected irrigation programs (SIPs)’ for fourth phase. In this way AWAM model produced 
SIPs for each CSR unit. 
 The Nazare Medium Irrigation Scheme has 32 ‘allocation units (AU)’. Each 
allocation unit has same soil type. Hence the number of ‘Crop-Soil (CS)’ units for each 
allocation unit is 6. If for example, the second allocation unit (AU-2) is considered for 
which the type of soil is SG2, these CS units are Gram-SG2, Sorghum-SG2, Onion-SG2, 
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Wheat-SG2, Groundnut-SG2 and Sunflower-SG2. For each of these CS units, AWAM 
model selected 10 SIPs in third phase. The conveyance and distribution efficiencies could 
not be considered while generating irrigation programs of the CSR unit in second phase. 
The first stage of fourth phase of AWAM model modifies the irrigation depths of each 
irrigation program of CS unit to consider the conveyance and distribution efficiencies 
associated with the allocation unit consideration. Thus for the allocation unit, AU-2, there 
were 60 activities (6 CS units and 10 SIPs for each CS unit). In this way, AWAM model 
finalized the activities for all 32 allocation units. These were 1860, meaning that there were 
1860 variables in the objective function of ‘Resources Allocation (RA) model’ of second 
stage of fourth phase of the AWAM model. The total number of constraints were 295 
(excluding non-negativity constraints). The result of the AWAM model after solving the 
RA model by linear programming is the allocation plan in terms of area to be allocated for 
irrigation to different crops grown on different soils of each allocation unit, water to be 
diverted for irrigation from various locations of the canal network for each CS unit of 
allocation unit during each Irrigation, expected crop yield and total net benefits. In this 
way, the allocation plans were produced by AWAM model by varying different parameters 
and are discussed in this section. 
 
Free Cropping Distribution: The total net benefits estimated for the different allocation 
plans obtained with AWAM model for free cropping distribution for variable depth, VDI 
(proposed in the model) for different sets of irrigation interval and existing-FLDI 
approaches are presented in Fig. 2, for the case with 100% initial reservoir storage, the 
existing efficiencies and considering constraints of capacity of the canal network. The 
inspection of detailed allocation plans indicated that onion was predominately selected in 
the allocation plans of smaller irrigation intervals (up to 28 days) and predominately gram 
16 
in larger irrigation intervals (35 days). This was due to the high monetary returns from 
onion and its cultivation in the winter season during which ET requirements are less than 
in the summer season. However when the irrigation interval is further prolonged from 28 
days to 35 days, the onion was subjected to excessive stress with drastic yield reduction 
and the focus has shifted to gram. Gram, which was also grown in winter season, 
responded better than onion to the stress caused by prolonging the irrigation interval. Other 
crops were not dominant due to lower monetary return from them. 
It is observed from Fig. 2 that the net benefits with VDI (for the irrigation interval 
of 21-14 days as in case of existing-FLDI) are only slightly more (4%) than the net benefits 
due to existing-FLDI allocation rule. This has mainly to do with the selection of onion crop 
in the allocation plans of the existing rule than the VDI or existing-FLDI approach. The 
allowable depletion for onion is comparatively less than other crops considered and the 
sensitivity to reduction in yield due to stress is more. This makes the shorter irrigation 
intervals and the irrigation depths approaching to the full irrigation depth more beneficial 
for onion. The irrigation interval of 14 days gave adequate irrigation and maximum net 
returns per unit area for onion (Gorantiwar, 1995). The larger area with deficit irrigation 
caused by prolonging the interval to 21 days gave slightly higher total net returns. Smaller 
depth irrigations are required for onion due to the shallower root zone depth of this crop. 
As the surface irrigation method is adopted in the command area of this irrigation scheme 
and these methods need a certain minimum irrigation depth to be applied (50 mm in this 
case) and as high monetary returns were associated with onion, the VDI and existing-FLDI 
approaches gave similar results. The greater flexibility in VDI to skip the irrigations 
resulted in slightly higher total net benefits. 
The total net benefits obtained with an irrigation interval of 21 days are the highest 
for a range of water availability (reservoir storages at the beginning of the irrigation 
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season) and slightly more than the total benefits obtained with the irrigation interval of 14 
days. The total net benefits decreased when the irrigation interval is increased beyond 21 
days for the reasons explained above.  
 
Fixed Cropping Distribution: The total net benefits estimated for the different allocation 
plans obtained with the AWAM model for fixed cropping distribution for variable depth, 
VDI (proposed in the model) for different sets of irrigation interval and existing-FLDI 
approaches are presented in Fig. 3, for the case of 100% initial reservoir storage, existing 
efficiencies and considering constraints of capacity of canal network. Feasible solution 
could not be obtained with the prescribed fixed cropping distribution for I=35 days because 
sunflower and groundnut could not produce a yield for this large irrigation interval.  
In the fixed cropping distribution wherein irrigations are given to all the crops, 
higher total benefits are obtained with smaller irrigation intervals and lower benefits with 
larger irrigation intervals. This is mainly due to the areas of sunflower and groundnut 
grown in summer season. Generally VDI should generate maximum total net benefits at 
smaller irrigation intervals due to greater flexibility in adjusting the actual delivery of 
water which is not possible with large irrigation intervals. The behavior of different crops 
to different types of stresses is different. Thus while practising irrigation in a 
heterogeneous irrigation scheme the irrigation interval needs to be decided by obtaining the 
total net benefits for each possible set of irrigation intervals, taking account of the varying 
behavior of different crops grown on different soils and to different water applications. The 
best allocation plans (the plans giving maximum total net benefits) were obtained with 
I=14 days when the cropping distribution is fixed.  
In the fixed cropping distribution, the total net benefits obtained with VDI approach 
(for the irrigation interval of 21-14 days as in case of existing-FLDI) are 22% more than 
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those with existing-FLDI. The higher total net benefits with VDI is due to deficit irrigation 
by skipping the irrigation and applying lower irrigation depths than the full irrigation 
depths. This indicates that VDI approach with deficit irrigation appropriately included can 
be considerably more beneficial than the traditional approach.  
The AWAM model gives the detailed allocation plan and water delivery schedules 
at the planning stage for operating the irrigation scheme. This includes, at allocation unit 
and at the irrigation scheme level:  
1. the area to be irrigated under each crop in each soil group (Crop Soil or 
CS unit) of each AU; 
2. the water to be delivered to these CS units at each irrigation, the water to 
be delivered to each AU, the water to be released in each canal and 
schedule of operation for different canals and the outlets, the water to be 
released from the reservoir for different purposes (irrigation, other uses 
etc.), the evaporation, seepage and other losses; 
3. the estimated crop production and net benefits at CS unit of AU.  
The summary allocation plan in terms of area to be irrigated under different crops 
and water to be delivered to different crops in each AU are presented in Tables 3 and 4 for 
fixed cropping distribution and in Table 5 for free cropping distribution. These tables show 
the power of the AWAM model to develop appropriate allocations for local conditions. 
Water to be delivered to each AU at each irrigation (not presented in this paper) can be 
further used for preparing the operation schedule of water deliveries in the irrigation 
scheme. 
Using the best allocation plans, the total net benefits with free cropping distribution 
are found to be approximately 2 to 3 times more than for the fixed cropping distribution. 
The drastic reduction in net benefits by adopting fixed cropping distribution is due to 
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forced irrigation to the crops that give lower monetary returns (such as sorghum) and to the 
crops needing more water (such as sunflower and groundnut). But the free cropping 
distribution resulted in the irrigation being allocated to a few selected crops in the 
command area. However the effect of the reduction in local market prices due to over 
production of a particular crop was not considered in the model. 
 
Initial Reservoir Storage Volume: The total net benefits for different initial reservoir 
storage volumes, cropping distributions and irrigation depth approaches were obtained for 
different sets of irrigation intervals. Feasible solutions could not be obtained with initial 
volumes of 10, 20 and 30% of maximum reservoir storage. This was due to the 
commitment to allow water for other uses throughout the planning period. This indicates 
that the irrigation is possible only when the reservoir is 40 % full or above, if other 
requirements are to be fulfilled. The total net benefits increase linearly with the reservoir 
capacity. Fig. 4 shows the total net benefits for free (irrigation interval of 21 days) and 
fixed (irrigation interval of 14 days) cropping distributions for different initial reservoir 
storage volumes.  
 
Crops: The maximum total net benefits are obtained when the cropping distribution is free 
(compare Figures 2 and 3) as the crops giving maximum total net benefits are free to be 
selected in the allocation plan. But this may not match other requirements such as food 
production. The total net benefits in a fixed cropping distribution decrease depending on 
the restrictions put on the area to be irrigated, water to be delivered and production to be 
obtained from different crops. 
To explain the importance of different crops in the allocation plan, first the total net 
benefits were estimated for free cropping distribution (omission of no crops). The total net 
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benefits were then estimated by omitting the most beneficial crop (one crop) from the 
allocation plan obtained by omitting “no crops”. In this way the total net benefits were 
obtained by omitting the most beneficial crop from the allocation plan every time starting 
from omitting no crops to omitting least beneficial crop. The total net benefits obtained in 
this way for all irrigation intervals when the reservoir is full at the beginning of the 
planning period are shown in Fig. 5. It is seen from this figure that two crops have a major 
economic impact. These are onion and gram. The total net benefits are drastically reduced 
when they are omitted from the allocation plan. The total net benefits decrease in smaller 
steps with the omission of each crop after omission of these two crops. The other crops in 
order of their economic significance in this irrigation scheme with water scarcity are 
wheat, sorghum, sunflower and groundnut.  
Thus in a free cropping distribution there will always be a tendency to irrigate 
onion and gram in different situations. The other crops may not appear or fewer resources 
might be allocated to these crops. However in practice these crops may be cultivated to 
satisfy food requirements or in response to market forces. The total net benefits have 
therefore been calculated for cases that satisfy the stipulated food requirement in the 
irrigation scheme (Gram-377 t; Sorghum-1231 t; Onion-2134 t; Wheat-499 t; Sunflower-
116 and Groundnut-459 t). The prescribed food requirement could be satisfied only when 
the initial maximum reservoir storage was 90 % or above. The total net benefits when the 
initial reservoir storage is 100 % for all irrigation intervals with and without food 
requirement constraints are shown in Fig. 6. It is seen that in satisfying the specified food 
requirements, the total net benefits could be reduced considerably. This is due to the 
resulting restriction on allocation irrigation to the most economically beneficial crops. In 
this particular case some allocations for onion and gram are transferred to sunflower and 
groundnut. 
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Conclusions 
 
There is a need to allocate both land and water resources optimally in a water limiting 
condition and also to take into account the heterogeneity within each irrigation scheme in 
respect of soils, climate, the capacity of the water delivery system at different levels, and 
various water losses in the system at different levels. The methodology developed by 
Gorantiwar (1995) and Smout and Gorantiwar (2003) in the form of a resource allocation 
model, the Area and Water Allocation model (AWAM), can be used to produce land and 
water allocation plans in such situations. The concept of deficit irrigation is also included 
in the AWAM model through variable depth irrigation approach for the allocation of the 
resources at the pre-season planning stage of the irrigation scheme.  
In the present study the model was applied to a medium irrigation scheme in India 
as a case study, to obtain the allocation plans with the incorporation of deficit irrigation for 
different parameters representing the heterogeneity in the irrigation scheme and in the 
process to compare the output obtained from the variable depth irrigation approach 
embodied in the model with the existing approach (full irrigation with fixed irrigation 
interval of 21 days in Rabi and 14 days in summer season). The total net benefits obtained 
with the variable depth irrigation approach were found to be substantially and consistently 
higher than those obtained with the existing approach. The model also generated the 
allocation plans up to tertiary levels. The results of the study therefore show the benefits of 
deficit irrigation where the irrigated area can be increased. They also demonstrate the 
application of AWAM in a heterogeneous irrigation scheme for obtaining the allocation 
plans for crop areas and corresponding irrigation timing and depth of application. 
Application of the model would increase the total net benefits of irrigation, and also spread 
these benefits over a large number of farmers, improving the services to those at the tail 
end of irrigation systems. 
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TABLE 1.  Soils in the command area of irrigation scheme 
 
Soils Soil 
layer 
Properties 
SG-1 SG-2 SG-3 SG-4 
1 Thickness (mm) 200 250 250 250 
 WHC (mm/mm) 0.2 0.21 0.19 0.19 
 Texture loam silty clay clay clay 
2 Thickness (mm) 150 450 850 550 
 WHC (mm/mm) 0.185 0.21 0.21 0.19 
 Texture sand loam silty clay silty clay clay 
3 Thickness (mm) - 300 200 300 
 WHC (mm/mm) - 0.19 0.21 0.19 
 Texture - clay silty clay clay 
 Area (ha) 516 1178 254 1519 
WHC: Water Holding Capacity 
 
26 
 
TABLE 2.  Planning and harvesting days, parameters of root growth model and crop 
and fodder yields for different crops. 
 
Parameters of  
root growth model 
(equation 2) 
Crop Planting 
day 
Harvesting 
day 
Zo  
(mm) 
Zm 
(mm) 
Tm 
(days) 
Crop yield  
with full 
irrigation 
(Kg/ha) 
gram 23 Oct. 9 Feb. 150 800 55 2500 
sorghum 15 Sep 28 June 100 1200 50 4000 
onion 18 Oct. 14 Feb. 150 400 30 30000 
wheat 13 Nov. 12 Mar. 150 900 50 3500 
sunflower 1 Mar. 28 June 150 1200 60 1500 
groundnut 15 Mar. 28 July 150 1200 40 2500 
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TABLE 3.  The allocation of area to be irrigated (ha) to different crops in different 
allocation units (AU) for fixed cropping distribution with variable depth 
irrigation approach, when irrigation interval is 14 days (best allocation 
plan) 
 
Crops AU 
No. Gram Sorghum Onion Wheat Sunflower Groundnut 
1 39 0.0 0.0 0.0 0.0 39.0 
2 2.6 0.0 0.0 33.4 2.6 33.4 
3 0.0 0.0 0.0 8.0 0.0 8.0 
4 3.1 0.0 5.25 18.7 8.3 16.7 
5 0.0 0.0 0.0 0.0 0.0 0.0 
6 33.0 0.0 0.0 0.0 33.0 0.0 
7 0.0 0.0 19.0 40.0 19.0 31.1 
8 0.0 0.0 0.0 16.7 5.3 16.7 
9 5.3 0.0 0.0 0.0 0.0 0.0 
10 0.0 0.0 28.0 40.0 20.6 29.4 
11 39.2 0.0 0.0 22.8 20.6 29.4 
12 0.0 0.0 0.0 0.0 0.0 0.0 
13 18.5 13.4 66.8 24.2 20.6 29.4 
14 55.6 16.4 0.0 9.0 24.6 25.4 
15 63.6 30.2 85.8 37.4 50.1 50.1 
16 7.0 0.0 0.0 0.0 0.0 69.6 
17 52.5 50.0 0.0 42.5 0.0 0.0 
18 69.5 62.9 0.0 14.6 0.0 0.0 
19 54.8 39.5 0.0 0.0 0.0 31.4 
20 0.0 0.0 0.0 0.0 0.0 0.0 
21 0.0 65.0 0.0 0.0 0.0 0.0 
22 68.2 65.3 0.0 0.0 0.0 0.0 
23 0.0 30.0 0.0 0.0 0.0 0.0 
24 0.0 37.0 0.0 0.0 0.0 0.0 
25 
to 
32 
 
0.0 
 
0.0 
 
0.0 
 
0.0 
 
0.0 
 
0.0 
Total 512 410 205 307 205 410 
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TABLE 4.  The allocation of water (ha-m) to different crops in different allocation 
units for fixed cropping distribution with variable depth irrigation, when 
irrigation interval is 14 days (best allocation plan) 
 
Crops AU 
No. Gram Sorghum Onion Wheat Sunflower Groundnut 
1 14.1 0.0 0.0 0.0 0.0 22.7 
2 0.9 0.0 0.0 14.3 2.0 26.4 
3 0.0 0.0 0.0 3.4 0.0 6.3 
4 1.1 0.0 2.4 8.0 6.4 13.2 
5 0.0 0.0 0.0 0.0 0.0 0.0 
6 11.1 0.0 0.0 0.0 27.6 0.0 
7 0.0 0.0 8.8 17.2 14.6 24.6 
8 1.8 0.0 0.0 7.2 4.1 13.2 
9 0.0 0.0 0.0 0.0 0.0 0.0 
10 0.0 0.0 11.5 17.2 15.9 23.3 
11 13.5 0.0 0.0 9.8 15.9 23.3 
12 0.0 0.0 0.0 0.0 0.0 0.0 
13 6.1 3.6 27.6 10.3 15.9 23.3 
14 19.1 4.4 0.0 3.9 19.0 20.1 
15 21.4 8.1 35.4 16.1 38.7 39.7 
16 2.2 0.0 0.0 0.0 0.0 32.3 
17 17.7 12.8 0.0 18.3 0.0 0.0 
18 23.4 16.6 0.0 6.3 0.0 0.0 
19 18.8 10.5 0.0 0.0 0.0 24.8 
20 0.0 0.0 0.0 0.0 0.0 0.0 
21 0.0 16.6 0.0 0.0 0.0 0.0 
22 20.2 16.7 0.0 0.0 0.0 0.0 
23 0.0 8.0 0.0 0.0 0.0 0.0 
24 0.0 9.9 0.0 0.0 0.0 0.0 
25       
to 0.0 0.0 0.0 0.0 0.0 0.0 
32       
Total 171 107 86 132 160 293 
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 Table 5. The allocation of area to be irrigated (ha) and water (ha-m) to different 
crops in different allocation units (AU) for free cropping distribution 
with variable depth irrigation approach, when irrigation interval is 21 
days (best allocation plan) 
 
Crop 
Gram Onion 
AU 
No. 
Area (ha) Water 
(ha-m) 
Area (ha) Water 
(ha-m) 
1 .00     .00 39.00   14.74 
2 .00     .00 36.00   13.60 
3 .00     .00 8.00    3.02 
4 .00     .00 27.00   10.20 
5 .00     .00 42.77   19.58 
6 .00     .00 33.00   12.28 
7 .00     .00 59.00   22.30 
8 .00     .00 22.00    8.31 
9 .00     .00 200.36   93.19 
10 .00     .00 68.00   25.70 
11 .00     .00 62.00   23.43 
12 .00     .00 .00     .00 
13 1.88     .43 125.12   46.56 
14 .00     .00 81.00   30.61 
15 .00     .00 217.00   82.01 
16 .00     .00 82.00   30.03 
17 .00     .00 145.00   53.11 
18 .00     .00 147.00   53.84 
19 .00     .00 118.00   44.40 
20 .00     .00 .00     .00 
21 .00     .00 65.00   24.19 
22 .00     .00 156.00   58.05 
23 .00     .00 30.00   10.99 
24 .00     .00 37.00   13.55 
25 .00     .00 89.00   32.60 
26 .00     .00 93.00   34.06 
27 .00     .00 115.00   42.12 
28 .00     .00 30.00   10.99 
29 .00     .00 32.00   11.72 
30 .00     .00 87.00   31.87 
31 .00     .00 35.00   12.82 
32 .00     .00 90.00   32.97 
Total 1.88 0.43 2371.25 902.9 
(Note: No allocation for other crops) 
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Captions of figures (figures are arranged in order) 
 
FIG. 1. Weekly average values of pan evaporation and rainfall for Nazare Medium 
Irrigation Scheme, India (Gorantiwar, 1995) 
 
FIG.2. Total net benefits obtained with VDI for different sets of irrigation interval 
and existing-FLDI for free cropping distribution 
 
FIG. 3. Total net benefits obtained with VDI for different sets of irrigation interval 
and existing-FLDI for fixed cropping distribution 
 
FIG.4. The total net benefits estimated for different volumes of initial reservoir 
storage for fixed cropping and free cropping distributions for VDI (I=14 for fixed and 
I=21 for free cropping) and existing-FLDI approaches 
 
FIG. 5. The total net benefits as influenced by the omission of the most beneficial 
crops from the allocation plan for different sets of irrigation interval 
 
FIG.6. Total net benefits obtained for free cropping distribution and  food 
requirement constraints for VDI when the reservoir is full at the beginning of the 
planning period 
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